Direct measurements of tokamak plasmas isotope composition are in general quite difficult and have therefore been performed very seldom. On the other hand, the importance of this quantity is going to increase, as future experiments will be progressively focused on plasmas approaching reactor conditions. In this paper we report for the first time encouraging experimental evidence supporting a new method to determine the radial profile of the density ratio n H /(n H +n D ), based on Neutral Particle Analyser (NPA) measurements. The measurements have been performed in JET with the ISotope SEParator (ISEP), a NPA device specifically developed to measure the energy spectra of the three hydrogen isotopes with very high accuracy and low cross-talk. The data presented here have been collected in two different experimental conditions. In the first case, the density ratio has been kept constant during the discharge. The isotope ratio derived from the ISEP has been compared with the results of visible spectroscopy at the edge and with the isotope composition derived from an Alfvén Eigenmodes Active Diagnostic (AEAD) system at about half the minor radius for the discharges reported in this paper. A preliminary evaluation of the additional heating effects on the measurements has also been carried out. In the second set of experiments, the isotope composition of deuterium plasmas has been abruptly changed with suitable short blips of hydrogen, in order to assess the capability of the method to study the transport of the hydrogen isotope species. Future developments of the methodology and its applications to the evaluation of hydrogen transport coefficients are also briefly discussed. The results obtained so far motivate further development of the technique, which constitutes one of the few candidate diagnostic approaches viable on ITER.
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ABSTRACT.
Direct measurements of tokamak plasmas isotope composition are in general quite difficult and have therefore been performed very seldom. On the other hand, the importance of this quantity is going to increase, as future experiments will be progressively focused on plasmas approaching reactor conditions.
In this paper we report for the first time encouraging experimental evidence supporting a new method to determine the radial profile of the density ratio n H /(n H +n D ), based on Neutral Particle Analyser (NPA) measurements. The measurements have been performed in JET with the ISotope SEParator (ISEP), a NPA device specifically developed to measure the energy spectra of the three hydrogen isotopes with very high accuracy and low cross-talk. The data presented here have been collected in two different experimental conditions. In the first case, the density ratio has been kept constant during the discharge. The isotope ratio derived from the ISEP has been compared with the results of visible spectroscopy at the edge and with the isotope composition derived from an Alfvén Eigenmodes Active Diagnostic (AEAD) system at about half the minor radius for the discharges reported in this paper. A preliminary evaluation of the additional heating effects on the measurements has also been carried out. In the second set of experiments, the isotope composition of deuterium plasmas has been abruptly changed with suitable short blips of hydrogen, in order to assess the capability of the method to study the transport of the hydrogen isotope species. Future developments of the methodology and its applications to the evaluation of hydrogen transport coefficients are also briefly discussed. The results obtained so far motivate further development of the technique, which constitutes one of the few candidate diagnostic approaches viable on ITER.
INTRODUCTION.
The experimental determination of the plasma isotope composition in the core is a diagnostic weakness of many tokamaks. In addition to being a limitation per se, this deficiency can cause remarkable uncertainties in various issues of reactor relevance, like transport analysis when isotope effects on the coefficients have to be assessed.
The negative repercussions of this inadequacy have indeed become particularly evident in some important experiments, like the D/T campaigns of JET and TFTR [1] [2] . Moreover this deficiency can also affect the interpretation of present day campaigns, in particular in case of Ion Cyclotron Resonance Heating (ICRH) with simultaneous resonance of different isotopes. The development of techniques to measure the isotope composition profile is therefore an issue of great relevance both for present day experiments and for ITER.
The determination of the relative amount of the hydrogen isotopes in the main plasma is a very difficult task. For example, visible spectroscopy is limited to the plasma edge, whereas the sensitivity of the frequency of Alfvén Eigenmodes to the plasma composition is intrinsically related to the localisation of the modes and the plasma rotation frequency and hence may not allow one to cover the entire plasma profile. The potential of active charge exchange spectroscopy should be investigated, but this method could face major difficulties in ITER-sized machines due to poor beam penetration.
Neutral particle analysis has already been employed to determine the global hydrogen-to-deuterium density ratio n H /(n H +n D ) of JET [3] [4] and PDX [5] plasmas. The present Neutral Particle Analyser (NPA), so called ISotope SEParator (ISEP) [6] , is designed to simultaneously measure the energy distribution of the hydrogen isotopes (H, D and T) leaving the plasma (see sect. 3). Since atoms of different energies come from different radial positions inside the plasma, precious information about the isotope composition profile is contained in the NPA-detected signal.
A computational model simulating the hydrogen isotope effluxes has already been presented [7] and analysed [8] . One of its main objectives is determining the relation between the energy of the detected atoms and the radial position, inside the plasma, from which they are emitted (see sect. 2).
In this paper, by using data obtained during recent parasitic experiments (see sect. 4), the first experimental evidence supporting the previously proposed approach [8] is reported. The core and edge density ratios obtained by the ISEP measurements have been compared with the results of two independent diagnostics: a high resolution visible spectrometer and the Alfvén Eigenmodes Active Diagnostic (AEAD) [9] [10]. Visible spectroscopy calculates the H α -to-D α line radiation intensity ratio to determine the isotope influx ratio at the edge, by which the isotope composition can be evaluated, as discussed in section 3. The frequency of the Alfven Eigenmodes (AE) depends on the plasma effective mass (A EFF = (2n D +n H )/n e in case of a pure deuterium-hydrogen plasma), and therefore it can be used to derive the density ratio where these modes resonate, i.e. typically at about half the minor radius (see sect. 3) for the discharges reported in this paper.
With regard to the explored plasma conditions, the density ratio results coming from the three diagnostics (NPA, visible spectroscopy, AEAD) have first been compared in steady-state discharges (hydrogen concentration typically of the order of 10% in deuterium plasma). A preliminary evaluation of the various additional heating scheme effects has also been obtained, providing an estimate of the applicability range of the method in its present form. In other cases hydrogen dosing has been performed, to experimentally infer a first estimate of transport coefficients.
The paper is organised as follows. In the next section, the computational model employed to analyse the NPA data [7] is briefly reviewed. In the following section 3, the three main diagnostics whose results have been extensively used in the data analysis are also introduced. Section 4 contains both a description of the experimental strategy adopted to perform the measurements and some examples of the results obtained so far. In the last section the future prospects of the proposed methodology are discussed, with particular attention to the improvement of the radial resolution and of the applicability of the approach to ITER plasmas.
A COMPUTATIONAL MODEL FOR THE DENSITY RATIO PROFILE.
In a tokamak the interactions between neutral atoms, mainly coming from the chamber walls, and plasma ions are charge-exchange, recombination and ionization by electron and ion impact. A model has been developed [7] to describe these physical processes for the case of a plasma being optically thick to the atoms, i.e. satisfying the condition nσ cx a..1, in which n is the average plasma electron and ion density, σ cx ≅ 2 × 10 -19 m 2 is the charge-exchange cross section, and a is the linear dimension of the plasma (typically the minor radius).
If the optical thickness condition is verified, as is the case for JET plamas (having typically a ≈ 1 and n ≈ 3 × 10 -19 m -3 ), the physical interactions between ions and atoms are well described by a kinetic equation [11] . For such plasmas a one-dimensional slab model is adequate to investigate the transport of atoms: the plasma is assumed to be located in a layer (
) and the density and velocity of the atoms near the wall ( a x ± = ) are used as boundary conditions. Assuming Maxwellian ion velocity distribution functions, the kinetic equation can be solved by the method of successive approximations, as shown in [8] , to obtain the density profile of the atoms.
Once the atom density is known, the spectra of atoms ejected by the plasma can be evaluated by the expression is a function of x and v depending on S cx and on the cross-sections σ i and σ e for ionization by ions and electrons:
The integrand in expression (1), called emissivity function, gives the spatial location in the plasma from which the measured atomic flux of a given energy originates, and so makes it possible to associate each energy value of the escaping atoms to a radial position inside the plasma (see below).
For each energy and each isotope, if we consider only the position x 0 of the maximum of emissivity, we can appproximate the transmission coefficient (3) with its velocity-dependent value γ i (v), taken at the position x 0 . The distribution function φ i can be written as
and so the atom flux (1) becomes (6) in which the definition of distribution function has been used.
In the 1-10keV energy range the term inside the square brackets does not depend on the isotope chosen, as shown for example in [4] . Thus, for the hydrogen-to-deuterium density ratio one may write (7) (8) in which the √2 factor in relation (7) takes into account the mass difference between the two isotopes, when the flux ratio is converted into density ratio at a fixed energy.
The model allows each value of energy to be associated with a most probable radial emitting position, which, for the discharges reported in this paper, is almost identical for both H and D (the difference is of a few centimetres). From the two latter relations and the experimental atomic fluxes, it is possible, therefore, to determine the radial profile of the density ratio n H /(n H +n D ).
A dedicated simulation code [12] , based on the described model, has been developed and tested.
The main inputs of the code are the ion and electron temperature and density, the plasma geometrical parameters and the effective charge Z eff . The configuration parameters of the NPA diagnostic (see next section) and those of the neutral beams are also important input quantities.
The well known charge-exchange [13] , recombination [14] and ionization [15] cross sections have been used in the code to solve the kinetic equation. Maxwellian velocity distribution functions are always assumed for the plasma ions, even though in discharges with additional heating schemes strong energetic tails can alter the Maxwellian behaviour of the distribution functions. However, in the case of Neutral Beam Injection (NBI), only a negligible deformation of the distribution functions is expected for energies below 20 keV [4] . Since, for the results reported in the following, only the lowest NPA channels (below 10 keV) have been used, the Maxwellian assumption may be considered
acceptable in neutral beam heated discharges. This has been confirmed by the analysis of the atom fluxes energy spectra and by dedicated experiments performed after switching off of the NBI (see section 4).
BRIEF DESCRIPTION OF ISEP NPA, VISIBLE SPECTROSCOPY AND ALFVÈN EIGENMODES ACTIVE DIAGNOSTIC IN JET.
THE ISOTOPE SEPARATOR (ISEP) NEUTRAL PARTICLE ANALYSER
The method briefly described in the last section has been developed to model the energy distribution of the atoms detected by JET ISEP NPA [6] . This diagnostic has been conceived as a hydrogen isotope separator and can therefore detect the energy spectra of the three hydrogen isotopes (H, D, T). The energy resolution is obtained with magnetic deflection, whereas a parallel electric field provides for the mass separation. Among several unique design features, the most significant ones to our application are the use of a diamond stripping foil for re-ionization of the atoms leaving the plasma and the acceleration of the secondary ions with a voltage up to 100 kV. These solutions result in a very high detection efficiency and contrast, allowing measurements of as low as 1 †% of hydrogen in deuterium plasmas. The detectors are thin scintillators tested for reliable operation in an environment with high neutron fluxes.
The energy range detectable is between 4.2 and 738keV for H, between 5 and 370keV for D and between 5 and 248keV for T. For the results reported in this paper, however, only the low energy channels, up to 10keV, have been used, because only below 10keV the hypothesis of Maxwellian velocity distribution functions is assumed to hold (see next section).
ALFVÈN EIGENMODES ACTIVE DIAGNOSTIC
The measurement of the frequency of Alfvén Eigenmodes [16] f AE has been proposed since the first tokamak experiments as a tool to infer the plasma isotope composition due to the dependence of f AE on the square root of the total plasma mass [17] : (9) where k || is the component of the wavenumber vector parallel to the total magnetic field B. The sum is intended over all ion species and n e is the electron density. The measurement of the plasma effective mass A EFF is performed using a series of discharges with similar equilibrium and impurity content, since in this case a variation in f AE can only be caused by a change in A EFF due to the additional presence of hydrogen. For the simple case of a two ion species plasma, and focusing only on discharges with very low effective charge Z eff , we obtain:
Here f AE MEAS is the measured frequency in the two-ion species plasmas, and f AE EXP is the expected
frequency in a plasma composed of the ion species "2" alone, directly measured in discharges with a similar magnetic equilibrium. Therefore, the accuracy of the A EFF measurement critically depends on the reproducibility of the equilibrium. For this paper only very similar discharges have been chosen, and therefore with this method A EFF is determined with an accuracy of about 10 %, which is at the present limits of this technique. Moreover, the A EFF measurement is effectively averaged over the mode radial structure, including the plasma core, to which conventional spectroscopic methods are not sensitive.
The use of n=1 Toroidal AEs, to measure the isotope ratio in JET D-T plasmas with monotonic qprofile, has been reported in [9] and [10] . The AE measurements were in good agreement with the edge visible spectroscopy and NPA measurements during the limiter phase of the discharge. It is worth mentioning that in [9] and [10] the NPA fluxes were used to give an A EFF averaged over the entire radius. Moreover, at that time measurements of the isotope ratio using the n=1 TAE frequency were not possible during the X-point phase of the discharge, since these low-n TAEs are strongly damped in plasmas of high elongation and edge magnetic shear, thus becoming practically undetectable [18] . Recent measurements of the AE activity in X-point plasmas with non-monotonic q-profile have however shown the existence of weakly damped n=0 Global AEs [19] , which can then be used to infer A EFF in such plasmas. These are the modes from which the isotope composition has been determined for the discharges reported in this paper.
VISIBLE SPECTROSCOPY
A 1-meter Czerny-Turner spectrometer, equipped with an 1800 l/mm diffraction grating, is employed to record the H α /D α spectrum from divertor plasma light. The instrumental linewidth is 2.6 pixels FWHM and the dispersion is 0.009nm/pixel on the 1024x1024 pixel frame-transfer CCD camera that captures the data.
A multi-gaussian line-fitting routine is used to fit the spectra. The D α spectral line-shape is fitted with a double gaussian; a narrow gaussian represents the emission from a 'cold' deuterium atom population of energy typically about 1eV, and a wider gaussian represents a 'warm' population of atoms of typical energy higher than 5eV. The low energy atoms are those born from molecular dissociation, while the higher energy atoms are from charge-exchange processes or from ions reflected from the divertor target. In practise, since the experimental measurement is a line integral of plasma light, there are many populations of deuterium energies, with a whole range of energies, and different relative intensities. However, a 2-gaussian fit describes the D α spectrum reasonably well, within the experimental noise. The full multi-gaussian fitting also includes 2 gaussians to describe the hydrogen line-shape, but coupled fit parameters are used so that only 2 extra variables are needed (the peak intensities of the 'cold' and 'warm' gaussians).
The H α to D α line intensity ratio is assumed to be a good evaluation of the atom flux ratio of the two isotopes in the plasma edge. The fitting procedure provides two values of spectroscopic flux ratio (from the 'cold' and 'warm' components) in the plasma edge. The 'cold' one is used in expressions (7) and (8) to obtain the spectroscopic value of density ratio. The 'warm' ratio is much too influenced by the asymmetry of the D α line-shape to be considered at this stage of the analysis.
Since the measurements are carried out at the plasma edge, unitary transmission coefficients in the denominator of relation (7) are assumed.
FIRST EXPERIMENTAL RESULTS OF DENSITY RATIO PROFILES OBTAINED IN
THE PLASMA CORE.
EXPERIMENTS IN STEADY-STATE PLASMAS
In order to test the reliability of the method described in section 2, it was decided to first perform a consistency check with the other diagnostics which can independently measure the isotope composition.
To this end, steady-state discharges were considered for the analysis.
Given the Maxwellian approximation used in the code for the ion velocity distribution functions, in principle only data taken during ohmic discharges or with the Lower Hybrid Current Drive (LHCD) additional heating should be considered. Indeed the effects of energetic ion tails have not been modelled yet. In our data base of parasitic experiments, for discharges with only ohmic or LHCD heating, the energetic content of the plasma is very often too low to provide acceptable measurements. In these cases the positions of the NPA-detected atoms are often far from the plasma core (typically outside half the minor radius). Moreover the signal-to-noise ratio of the measurements is typically too low, resulting in huge error bars. Therefore, the presence of additional heating, in plasma conditions where the velocity distribution function is not significantly altered, would be desirable in order to increase the level of the detected atoms particularly at high energies. In this respect the ICRH system seems to cause large deformations of the distribution functions, since up to now no acceptable results have been obtained when high power RF heating was applied. On the contrary and as confirmed later (see fig.4 ), the neutral beams do not seem to constitute a major problem, at least for energies below 20keV. In fig.4 a comparison between the NPA density ratio results, the AEAD measurement and the edge 'cold' spectroscopic determination is reported. A time point has been chosen in which the plasma is in steady state conditions, i.e. when the additional heating power, the temperature and the density are constant in time. This allows one to consider a relatively large integration time for the signals (about 1s), so as to reduce the vertical statistical error bars.
The agreement between the different diagnostics is to be considered satisfactory as far as the value of the density ratio is concerned. On the other hand, the main difficulty of the present NPA results resides in their poor radial resolution, as shown in fig.4 , where the horizontal bars correspond to the FWHM of the emissivity profiles given by the model for each considered energy. It is worth mentioning that these radial intervals do not have to be interpreted as error bars in the strict sense but as confidence intervals. By definition of FWHM, they identify the spatial region of the plasma from within which 67% of atoms of a particular energy are emitted. Some indications about the isotope composition profile can therefore be drawn even if the confidence regions are not completely separated. For example, the decreasing trend of the density ratio with decreasing r/a is a general feature of all the NBI-heated steady-state discharges analysed so far. This characteristic of the profiles could be partly due to the fact that the main source of hydrogen is the plasma wall, whereas additional deuterium fuelling of the core is consequence of the NBI heating.
To increase the confidence in this result, the analysis has been performed on only a part of the ISEP signals. The emissivity profiles of the two extreme energies, 5 and 9.9keV, have been integrated over a fraction corresponding to only 0.1a around the position of the maximum. The value of 10% the minor radius has been chosen because it corresponds to the spatial resolution the simulations foresee for higher temperature ITER-relevant discharges (see section 5). Adopting this sort of unfolding procedure, the values of the isotope composition do not change substantially, whereas the horizontal bars shrink and become separated, as shown in fig.5 .
Even if this analysis procedure has to be taken with caution and will require further experimental tests to assess the limits of its applicability, it seems to confirm the decrease of the hydrogen content toward the plasma core.
To support the evidence of the obtained isotope composition at the edge, a systematic comparison between the density ratio obtained from the edge 'cold' fluxes and the one given by the most external measurements of the NPA has been performed. The results are reported in fig.6 , where only density ratios for normalised minor radius greater than 0.6 have been considered. The general trend of the results of the two diagnostics is very similar. The NPA measurements generally give higher estimates for the hydrogen fraction than the corresponding spectroscopic ones, but it must be pointed out that the NPA energy lower limit (5keV) does not correspond to atoms coming from the very plasma edge and therefore the results of the two diagnostics do not refer to exactly the same spatial region.
The reported measurements suggest that the NPA has the potential capability of providing useful information about the isotope composition profile in JET plasmas, particularly in discharges with higher plasma temperature (see section 5).
PERTURBATIVE EXPERIMENTS
The present method has also been applied to perturbative experiments, with the long-term goal of adopting this approach to study the diffusion coefficient of the hydrogen isotopes. In this perspective, some preliminary tests of hydrogen dosing in deuterium plasmas have been performed. The evolution of the hydrogen profiles has been followed with the NPA. In order to reconcile the need for a high signal with the hypothesis of Maxwellian distribution functions, the hydrogen blips have been planned a few hundreds ms after the switching off of the neutral beams. Moreover, to avoid as well spurious effects due to fast particles, discharges with no or low ICRH have been chosen. The effects of the gas injection are limited to the very edge of the plasma and are seen mainly in the lowest energy channels of the NPA. This is shown in fig.7 , where a case is presented in which the most external channel responds to the hydrogen puff whereas the others do not show any appreciable variation.
Such a limited penetration of particles from the edge, even if confirms the difficulties of fuelling from the edge in H-mode, it prevents the derivation of useful information about the transport coefficients in the core. However, since the signal of the first NPA hydrogen channel (E = 4.2keV) is quite clear and well above the error bars, its time evolution allows a first order approximation of the particle diffusivity at the edge. Having estimated that the 4. of the potential of this diagnostic to address the isotope transport issue. On the other hand, in order to achieve reliable results on this matter, more dedicated experiments will have to be carried out. Moreover, the NPA lowest energy signal of hydrogen ( fig.7 , fourth frame) shows an increase and a decay occurring with an almost equal time constant. This time symmetry could indicate that, in these discharges and at these radial positions (15cm far from the wall), particle transport is dominated by diffusion whereas the Ware pinch effect should not play a major role.
SUMMARY AND FUTURE PROSPECTS OF THE METHOD.
In this paper, the first experimental evidence supporting a new model, aimed at deducing the isotope composition profile from the NPA measurements, is reported. In order to assess the feasibility of the method, a comparison with the other available diagnostics, capable of measuring the same quantity, has been performed. The agreement among NPA, visible spectroscopy and the Alfvén Eigenmodes Active Diagnostic is satisfactory. In particular, the cross validation with the TAE diagnostic has been extended to include also X-point plasmas with reversed safety factor profiles, which had never been reported before.
The approach gives data of acceptable signal-to-noise quality in steady-state plasmas. In these conditions, with moderate NBI additional heating power, indications on the density ratio in the core and in the edge plasma have been drawn for the first time, in spite of a limited radial resolution.
Preliminary analysis of transient experiments has given encouraging results, at least as far as the diagnostic capabilities are concerned.
At this point any conclusion about the transport properties of the hydrogen isotopes would be premature, given the limited number of experiments performed. On the other hand, the indication of reduction of the hydrogen content in the more central region strongly motivates further investigation of the subject, given the relevance of core particle fuelling in next step fusion devices.
Moreover, the confirmed validity of the technique in plasmas with NBI opens new perspectives to the applicability of the method.
The positive results, obtained at relative low temperatures and therefore in non-optimized plasma conditions, look quite promising for the future application of the technique. In this perspective, a series of specific simulations, using the model described in section 2, has been performed, with the aim of assessing the performance of the diagnostic in more reactor relevant conditions (see fig.8 ).
The significant improvements to be expected are easily appreciated: the width of the emissivity profiles decreases with increasing plasma temperature, significantly improving the radial resolution.
This is very encouraging for the future application of the diagnostic in JET and motivates a more detailed assessment of the NPA prospects for the measurement of the isotope composition in ITER.
With regard to JET future program, to fully assess the potential of this approach in reactor relevant plasmas, a complete changeover experiment, with the plasma composition ranging from 100% deuterium to 100 †% hydrogen, has already been planned for next year campaigns. The full exploitation of upgraded Neutral Beams will give the possibility of reaching much higher temperatures, with the consequent improvement in the radial localisation of the measurements and in the signal-to-noise ratio. In these future experiments, charge-exchange recombination spectroscopy will also be used to further validate the isotope composition measurements. Moreover, a more detailed analysis of the visible spectroscopy 'warm' component is planned to obtain a further experimental point along the radial profile.
If the positive indications obtained so far are confirmed, this method may allow the study of the particle transport coefficients in perturbative experiments. It is also worth pointing out that, since JET ISEP has been designed and manufactured to measure also tritium (together with the other two isotopes), once definitively validated, this technique could also be used in future D-T JET experiments. Therefore, it will be possible to obtain very valuable information about the transport of the various hydrogen isotopes, a subject of the utmost importance for ITER and in general for reactor scale machines.
With reference to code improvements, complete modelling of the fast, non-thermal particles will also have to be addressed if this approach is to be used in the most general conditions (for example during ICRH). In this respect, the data analysis could benefit from various synergies with the high-energy neutral particle analyser, also operational in JET. Application of the code to discharges with pellet injection, on the other hand, would require a careful inclusion of an additional particle source term inside the plasma.
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